Abstract Background: Previous cross-sectional studies evaluating the relationship between diabetes prevalence and migraine status have found conflicting results. We examined the relationship between migraine and incident type 2 diabetes (T2D) in a cohort of adult women. Methods: Prospective cohort study conducted among participants in the Women's Health Study who provided information on migraine and did not have diabetes at baseline. Our four exposure groups were migraine with aura, migraine without aura, past history of migraine and no history of migraine. Cox proportional hazards models were used to determine the hazard ratio for incident T2D. Results: Among the 38,620 women included in this study, 5062 (13.1%) women had migraine, of whom 2014 (39.8%) reported migraine with aura, and 2087 (5.4%) women had a past history of migraine. During a mean of 14.6 years of follow-up, there were 3032 cases of incident T2D. After adjustment for confounders, the hazard ratio (95% confidence interval) for developing diabetes was 1.06 (0.91-1.24) for women with migraine with aura, 1.01 (0.89-1.16) for women with migraine without aura, and 1.13 (0.98-1.30) for women with a past history of migraine compared with women with no history of migraine. Conclusion: Results of this prospective study in women do not support an association between migraine and incident T2D.
Introduction
Migraine is a primary headache disorder affecting approximately 6% of men and 18% of women (1) . In about one third of patients, migraine may be associated with transient neurologic symptoms, usually visual, known as migraine aura (2) . Prior studies have shown that migraine with aura is associated with an increased risk of ischemic stroke and cardiovascular disease (3) (4) (5) (6) (7) (8) . Migraine, particularly migraine with aura, is also associated with increased prevalence of cardiovascular risk factors (9, 10) such as hypertension and smoking and vascular biomarkers (11, 12) , particularly increased cholesterol levels.
Metabolic syndrome has been proposed as one possible mechanism to explain the relationship between migraine, obesity, and increased cardiovascular disease risk (13, 14) . One component of the metabolic syndrome is insulin resistance. Several studies have shown impaired insulin sensitivity in migraineurs, including elevated glucose and insulin levels in both the fasting state and post-load during glucose tolerance testing (9, (15) (16) (17) . This has led to speculation that migraineurs may also be at increased risk for diabetes. Results from the population-based American Migraine Prevalence and Prevention Study (AMPP) showed that participants with migraine in the last year were more likely than headache-free controls to report a diagnosis of type 2 diabetes (T2D) (3) . However, this cross-sectional analysis could not evaluate the association between migraine and risk of future T2D. Therefore, we aimed to investigate the association between migraine status and incident T2D using data from the Women's Health Study, a large ongoing prospective cohort study.
Methods
The Women's Health Study (WHS) was a randomized double-blinded placebo controlled trial designed to examine the effects of low-dose aspirin and vitamin E in the primary prevention of cardiovascular disease and cancer. The design and methods of the trial have been previously described (18) . Briefly, 39,876 US female health professionals aged 45 years without a history of cardiovascular disease, cancer, or other major illnesses were randomized to receive active aspirin, active vitamin E, both active agents, or both placebos at baseline (1993) (1994) (1995) (1996) . After the end of the clinical trial in March 2004 (19, 20) , the women continue to be followed on an observational basis. On the baseline questionnaire, the women were asked about personal characteristics, medical history (including migraine and diabetes) and other health information. Yearly follow-up questionnaires asked about study compliance and medical events, including new diagnosis of diabetes. All participants provided informed consent and the institutional review board at Brigham and Women's Hospital approved the WHS.
Migraine assessment
On the baseline questionnaire, women were asked: 'Have you ever had migraine headache?' and 'In the past year, have you had migraine headaches?' If a woman reported migraine headaches within the past year, she was asked about characteristics of her migraines, including the presence of aura or any indication that a migraine is coming. Women who reported ever experiencing migraine headache were considered to have 'any history of migraine'. For stratified analyses, we divided the women into four mutually exclusive categories: 1) 'no migraine history; 2) 'active migraine with aura,' which included those who reported migraine within the past year and the presence of aura or any indication that a migraine is coming; 3) 'active migraine without aura'; and 4) 'history of migraine,' which included women who reported ever having migraines but did not experience a migraine in the past year.
Previous validation studies have shown that among WHS participants who reported active migraine, 83.5% fulfilled all but one International Classification of Headache Disorders-I (ICHD-I) criteria for migraine (code 1.7, migrainous disorder) and 46.6% fulfilled all ICHD-I criteria for 'migraine without aura' (code 1.1, migraine without aura) (4). Additionally, 87.7% of women with self-reported active migraine have migraine without aura (71.5%) or probable migraine without aura (16.2%) according to the ICHD-II criteria (21) .
Diabetes assessment
On the baseline questionnaire, women were asked: 'Have you ever had diabetes mellitus, diagnosed prior to age 30?' and 'Have you ever had diabetes mellitus, diagnosed at 30 or older?' Annually thereafter, the women were asked if they had been diagnosed with diabetes since completing the previous questionnaire. Self-reported cases were then confirmed by physicianadministered telephone interviews using the American Diabetes Association diagnostic criteria (22) or a selfadministered supplemental questionnaire. In a validation study, both interview-based and supplemental questionnaire-based confirmation yielded positive predictive values >90% in comparison with medical record review (23) . In particular, the positive predictive value of the supplemental questionnaire was 99% (95% CI 97-100%). Overall, in 95% of all self-reported T2D events, sufficient information for confirmation or disconfirmation of the endpoint was obtained, and only confirmed cases were used in this analysis. Because the vast majority of diabetes diagnosed at age >45 years is of the type 2 variant, incident diabetes in the WHS is considered to be type 2 diabetes.
Analysis
Of the 39,876 women eligible for this study, we excluded the 119 women who did not report migraine status at baseline, leaving 39,757 women for this analysis. At baseline, 1137 women reported a history of diabetes mellitus. We used age-and multivariableadjusted logistic regression to determine the crosssectional association between migraine and diabetes at baseline using women without a history of migraine as the reference group. We then further stratified our results by migraine subtype (migraine with aura, migraine without aura and past history of migraine).
For our longitudinal analyses, we excluded the 1137 women with a baseline history of diabetes. The baseline characteristics of the women without diabetes can be seen in Table 1 . We used age-and multivariableadjusted Cox proportional hazards models to determine the hazard ratio (HR) for incident diabetes using women without a history of migraine as the reference group. We tested the assumption of proportional hazards by including an interaction term between the log transformation of time in the study and migraine status. No significant violation was found.
The cross-sectional and longitudinal multivariableadjusted models adjusted for the following potential confounders: age (continuous), body mass index (<18 kg/m 2 , 18 to <25 kg/m 2 , 25 to <30 kg/m 2 , 30 kg/m 2 ), exercise (rarely/never, <1 time per week, 1 to 3 times per week, 4 times per week), ever used postmenopausal hormones of any type (never, past, current), postmenopausal status (premenopausal, postmenopausal, uncertain), alcohol consumption (rarely/ never, 1 to 3 drinks per month, 1 to 6 drinks per week, 1 drink per day), history of hypertension 140/90 mmHg (yes/no), baseline treatment with medication for high blood pressure (yes/no), history of high cholesterol 240 mg/dl (yes/no), baseline treatment with cholesterol-lowering medication (yes/no), smoking status (never, past, smoke <15 cigarettes per day, smoke 15 cigarettes per day), systolic blood pressure (10 mmHg increments), family history of diabetes (yes/ no), and ever used oral contraceptives for 2 months (yes/no). We additionally adjusted for randomized treatment assignment to aspirin and vitamin E (yes/no).
In secondary analyses, we tested for effect modification of the association between migraine and diabetes by randomized treatment assignment to aspirin, currently taking non-steroidal anti-inflammatory drugs (NSAIDs) more than 1 day per week, history of hypertension 140/90 mmHg, baseline treatment with medication for high blood pressure, obesity, and age (<54.6 years or 54.6 years, the mean age of the cohort). To test for effect modification, we included an interaction term between migraine and each potential effect modifier in separate multivariable-adjusted models. We also examined whether the risk of diabetes varied based on the frequency of active migraine by running models stratified by migraine frequency (<6 times per year, every other month, monthly, or weekly).
More than 100 women were missing information on systolic blood pressure category and were assigned to a separate category. Less than 100 women were missing information on all other covariates and were assigned to the reference category (lowest exposure), past user category (smoking) or unclear exposure category (postmenopausal hormone use).
All statistical analyses were performed in SAS 9.1. All p-values were two-tailed and p < 0.05 was considered statistically significant.
Results
Of the 39,757 women who reported information on migraine and diabetes status at baseline, 5174 women (13.0%) reported active migraine in the past year, of whom 2059 (39.8%) reported migraine with aura, and 2156 women (5.4%) reported a previous history of migraine. There were 1137 prevalent cases of diabetes. Cross-sectional multivariable-adjusted analyses showed the prevalence odds ratio of having baseline diabetes was 0.79 (95% CI: 0.67 to 0.94) for those with any history of migraine. We further stratified our results by migraine subtype and found the prevalence odds of having diabetes was 0.78 (95% CI: 0.57 to 1.07) for women with active migraine with aura, 0.70 (95% CI: 0.54 to 0.91) for women with active migraine without aura, and 0.92 (95% CI: 0.71 to 1.19) for women with a past history of migraine compared with women with no history of migraine.
After excluding the women who reported diabetes at baseline, we were left with 38,620 women for our incident diabetes analysis. Of these 38,620 women, 5062 (13.1%) had active migraine, of whom 2014 (39.8%) reported migraine with aura, and 2087 (5.4%) had a past history of migraine. The baseline characteristics of the women who did not have diabetes at baseline can be seen in Table 1 . Compared with women without a history of migraine, women who experienced migraine were younger and more likely to be currently taking NSAIDs more than 1 day per week.
During a mean of 14.6 years of follow-up (564,508 person years) there were 3032 cases of confirmed incident T2D. Any history of migraine was not associated with a significantly increased risk of T2D (HR ¼ 1.06, 95% CI: 0.97 to 1.16) in multivariable analysis. We then further stratified our results by migraine subtype. Age-and multivariable-adjusted analysis did not show a statistically significant increase in the risk of diabetes for active migraine with or without aura compared to those without a history of migraine (Table 2) . Although those with a past history of migraine had a significant increase in their risk of T2D in an age-adjusted model (HR ¼ 1.29, 95% CI: 1.12 to 1.49), this association was no longer significant after adjusting for other potential confounders (HR ¼ 1.13, 95% CI: 0.98 to 1.30) ( Table 2) . We did not find evidence of effect modification by randomized treatment assignment to aspirin, currently taking NSAIDs more than 1 day per week, history of hypertension, baseline treatment with medication for high blood pressure, obesity, or age (all p-values >0.12).
We did not find evidence of an increased risk of T2D with increasing frequency of active migraine. Compared with those active migraineurs who experience migraines less than six times per year, active migraineurs who experience migraines every other month, monthly and weekly have HRs (95% CIs) for diabetes of 1.24 (0.92 to 1.68), 0.85 (0.65 to 1.12) and 1.21 (0.80 to 1.84), respectively.
Discussion
Results from this large prospective cohort of women do not suggest an association between migraine and incident T2D. Compared with women without migraine, women who report a past history of migraine, active migraine with aura or active migraine without aura were not at increased risk of developing T2D. We further had no evidence that the lack of association was modified by age, randomized treatment assignment to aspirin, currently taking NSAIDs more than 1 day per week, history of hypertension, baseline treatment with medication for high blood pressure, or obesity.
Comparison with other studies
Only a few cross-sectional studies have evaluated the relationship between migraine status and prevalent diabetes in population-based samples. One study examined the association between migraine and cardiovascular risk factors, including diabetes, in 1450 elderly Brazilians (average age ¼ 71.9 years) (24) . Assessment of diabetes was validated by fasting blood glucose or use of oral hypoglycemics or insulin and migraine was assessed according to ICHD-II criteria. In a multivariable logistic regression model, there was no statistically significant association between diabetes and migraine (odds ratio [OR] ¼ 1.19; 95% CI: 0.81 to 1.76). The study did not collect information about aura, thus limiting analysis by migraine subtype. Another crosssectional study among Danish twins that did stratify by migraine subtype found no association between any migraine, migraine with aura, or migraine without aura and diabetes (25) .
Data from the large cross-sectional populationbased AMPP study showed a moderate increase in the likelihood of a diagnosis of diabetes in people who reported having a migraine in the past 12 months compared with headache-free controls (12.6% vs 9.4%; OR ¼ 1.4, 95% CI: 1.2 to 1.6). Similar results were obtained for individuals with migraine with aura and migraine without aura overall (3, 26) . In the same population, the prevalence of diabetes did not differ between individuals with episodic and chronic migraine (27) . When the results were stratified by gender, women who experience any migraine had an increased risk of diabetes (OR ¼ 1.28, 95% CI: 1.10 to 1.49), which was driven by the migraine with aura group (OR ¼ 1.47, 95% CI: 1.22 to 1.78).
Our study, in contrast to the findings of the AMPP, showed a lower prevalence of diabetes among women with any history of migraine. Analysis stratified by migraine subtype showed that this inverse association was driven by the migraine without aura subgroup. One potential explanation for the different results between WHS and AMPP may be the different age distributions of the AMPP study and the WHS. The AMPP study had a median age of 20.4 among headache-free controls and 24.0 among migraineurs. In contrast, all participants in the WHS were aged 45 or older. Results of the AMPP study among men and women combined showed that the prevalence of diabetes differed by age and was highest among people aged 18-29 with migraine with aura (OR ¼ 2.65, 95% CI: 0.87-8.09) (3) . The hypothesis that the association between migraine and diabetes is stronger among young age groups was also suggested by a longitudinal cohort study of Finnish children which showed that at age 15, diabetes was found more often in those with migraine than those without (28) . These results may suggest that migraine more strongly associates with Type 1 diabetes (T1D), which is more common among younger individuals and, in contrast to T2D, results primarily from autoimmune destruction of the pancreas. This could add to the evidence that migraine may associate with autoimmune conditions (29) .
Although most studies did not distinguish between type 1 and type 2 diabetes, the Head-HUNT study, a large cross-sectional population-based study in Norway, found that people with diagnosed Type 1 and Type 2 diabetes were less likely to report having suffered headache or migraine in the previous year than those without diabetes in cross-sectional analyses (multivariable-adjusted ORs were 0.4, 95% CI: 0.2-0.9 for T1D and migraine and 0.7, 95% CI: 0.5-0.9 for T2D and migraine). The inverse association observed in this study between migraine and T2D diabetes is similar to that seen in the cross-sectional analysis from our study. In that study, a decreased odds of reporting migraine was associated with duration of diabetes and glycated hemoglobin >6.6%, which the authors suggested might be due to diabetic neuropathy, among other possibilities (30) . Given that the participants in the Head-HUNT study are older than those in the AMPP study and the Finnish study, the inverse association between migraine and T1D in the Head-HUNT study may relate to the longer duration of disease.
Strengths and limitations
Our study has a number of important strengths. It is a large, prospective study with validation of exposure (migraine status) and outcome (diabetes), a long follow-up period and a large number of outcome events. We were able to adjust for a large number of potential confounders, including age, sex, BMI, exercise, and alcohol.
Our study does, however, have some limitations that should be considered when interpreting our results. Although validation studies of migraine status have shown good agreement between self-reported migraine status and ICHD criteria (4, 21) , migraine status may still have been misclassified. Given that we would not expect the misclassification of migraine status to vary between patients who developed diabetes and those who did not, this misclassification is most likely random. Validation studies have also shown that women who report having diabetes are likely to truly have the disease (31, 32) , but it is possible that some women may not have reported diabetes diagnoses and we may have missed some diabetes cases as diabetes can be asymptomatic at initial onset. However, we would not expect differences in reporting diabetes diagnoses among our migraine groups. Given that this population is primarily composed of white female health professionals 45 years of age or older, it is possible that our results may not be generalizable to other populations. Lastly, although we adjusted for a large number of potential confounders, residual or unmeasured confounding remains a possibility as our study is observational.
In summary, this longitudinal cohort study of middle-aged and older female health professionals did not find an association between migraine subtypes and incident diabetes. Our results do not support the hypothesis that migraineurs are at increased risk for T2D. A possible inverse association between T2D and active migraine may deserve further evaluation. Future research regarding the influence of diabetes on the clinical course of migraine may also be warranted.
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